Summary. In 16 diabetic patients with microangiopathy, survival of rain-labelled autologous platelets, mean platelet volume, megathrombocyte index, spontaneous and ADP-induced platelet aggregation, platelet retention, fl-thromboglobulin, von Willebrand factor and factor VIII-related antigen were measured; the splenic uptake of radioactive label was quantitated in six patients. Compared with normal subjects, increased platelet aggregation (p < 0.01), von Willebrand factor (p< 0.02) and factor VIII-related antigen (p < 0.02) were observed. Platelet survival was shortened in two patients. It correlated inversely with the splenic radioactivity uptake (r= -0.95; p < 0.01), suggesting that platelets ended their life in the spleen, not in the microcirculation. No significant relationships were found between the various tests performed, nor between these and the severity of microangiopathy or other clinical data. In spite of the evidence for altered platelet function in patients with diabetic microangiopathy, currently available tests are not specific enough to clarify the nature of these changes or their possible pathogenic significance.
Several reports have indicated that blood platelets and endothelial cells behave abnormally in patients with diabetic microangiopathy [1, 2] , but the pathogenetic significance of these changes is unknown. Platelet/vessel wall interactions cannot be studied in vivo and most investigative procedures are carried out on blood components isolated from their environment. These procedures are useful for physiological and pharmacological investigations but it is not known to what extent the phenomena observed in vitro reflect events occurring in life. In this study, several tests of platelet function were performed simultaneously in 16 patients with diabetic microangiopathy, to establish whether abnormal results of procedures in vitro (a) agree with each other in indicating altered platelet function, (b) are associated with shortened platelet survival and/or increased plasma levels of the endothelial synthesized von Willebrand factor, and (c) reflect the severity of vascular damage.
Patients, Materials and Methods

Patients
Fifteen male and one female diabetic patients with a mean age of 52 years (range: 28 74 years) and mean duration of disease of 21 years * Present address: Istituto Unificato di Medicina Interna, Cattedra di Endocrinologia, Corso Polonia 14, 1-10126 Torino, Italy (range: 8-38 years) gave their informed consent in accordance with the Declaration of Helsinki (1975) . The protocol had been approved by the Hospital Ethical Committee. Ten patients were on insulin therapy and six on oral hypoglycaemic agents. Mean percentage desirable body weight, calculated according to the middle of the weight range for subjects of medium frame from the 1959 Metropolitan Life Insurance Company Tables [3] , was 120% (range: 100-158%). Eleven patients were admitted to the Hospital for 8 days and five attended daily for blood collections on an outpatient basis. No patient had taken aspirin or other non-steroidal anti-inflammatory drugs, apart from paracetamol, for at least 15 days before the study. All the patients had diabetic microangiopathy. Two had background retinopathy, defined by the presence of microaneurysms, retinal haemorrhages, hard exudates and cotton wool spots. Three had visual impairment due to macular oedema or hard exudates, indicating maculopathy. Proliferative retinopathy, indicated by new vessels and/or fibrous tissue was present in 11 patients. Two patients had been treated previously by pituitary ablation. Hypertension, defined as blood pressure values measured repeatedly above 160/95mmHg for at least 1year, was found in six patients. Four patients had nephropathy, as indicated by persistently raised blood urea (> 6.5 mmol/1) as well as creatinine (> 125 mmol/1) and/or proteinuria (Albustix) on repeated occasions for at least I year. Twelve patients had diabetic neuropathy, as evaluated by reduced or absent knee and ankle reflexes, vibratory sense, postural hypotension and impotence on at least two consecutive yearly assessments. Claudication, indicated by absent foot pulses and subjective symptoms, was present in six patients. One patient had bilateral carotid bruit, one had angina and one suffered from inactive ankylosing spondilytis and a recent episode of left retinal branch vein occlusion. Three patients were treated for hypertension: one by bendrofluazide, one by alpha-methyldopa, propranolol and bendrofluazide, and one by atenolol. 
Blood Collections
Blood samples were collected in the afternoon of day 0 of the survival curves. Blood for fl-thromboglobulin was always collected first, without stasis, using a 21-G (0.8 ram) disposable needle and a 5 ml plastic syringe. The blood was immediately transferred into a chilled plastic tube containing an EDTA-theophylline mixture (Radiochemical Centre, Amersham, Bucks, UK), mixed by three gentle inversions and placed into a wet crushed ice bath.
The other samples were collected in plastic syringes by a 19-G (1.1 mm) butterfly needle inserted into an antecubital vein of the opposite arm. Blood for platelet labelling (42.5 ml) was taken into a syringe containing 7.5 ml &sterile acid citrate dextrose (National Institutes of Health, formula A). Blood for platelet volume (5 ml) was collected into plastic tubes containing EDTA to give a final concentration of 1.5 mg/ml. Blood (9 ml) was mixed with 1 ml of 3.13% trisodium citrate for the assessment of in vitro platelet aggregation and plasma levels of von Willebrand factor and factor VIII-related antigen. Non-anticoagulated blood (5 ml) was used for platelet retention tests.
Methods
Platelets were labelled by a method described previously [4] . In brief 300 ~tCi of laqndium (nln) Amersham International, Bucks, UK) were incubated for 5 rain with autologous platelets resuspended in Hepes saline (pH 7.6) containing acetylacetone 0.19% (Sigma Chemicals, St. Louis, Missouri, USA). Having removed the unbound label, the platelets were re-suspended in the patient's own plasma and injected intravenously. As the labelling efficiency of the method was about 70%, the patients received a dose of about 200 gCi.
Blood samples (5 ml in 1.5% EDTA) were taken daily over the following week. Aliquots of 1 ml whole blood and I ml platelet poor plasma (PPP) were counted in a gamma counter (Packard, Model 5360, Downers Grove, Illinois, USA) and the platelet bound-activity calculated by the formula:
Platelet activity=whole blood activity-(a-packed cell volume) x PPP activity.
The results were plotted against time and platelet survival calculated by a best-fit line. The fraction of ~t~In dose present in the spleen at days 0, 3, 4, 5 and 6 was quantitated by the method of Williams et al. [5] in six patients, using a double-headed rectilinear scanner (Ohio Nuclear, Model 84, Cleveland, Ohio, USA). 'Pooled' rain, (i.e. the radionuclide on platelets pooled in the spleen) and 'fixed' rain (i.e. the radionuclide in splenic tissue following intrasplenic platelet destruction) were distinguished as follows. Since circulating platelets pool in the spleen [6] , the splenic radioactivity measured on day 0, within 1 h of platelet injection, is almost entirely due to pooled platelets. This pooled rain signal subsequently declines in parallel with the blood platelet activity level and can therefore be estimated as a fraction of the splenic activity level on day 0. The difference between the pooled and the total splenic activity is therefore the 'fixed' rain level [7] . Platelet volume distribution was assessed by a Coulter Counter ZBI (Coulter Electronics, Luton, Beds, UK) attached to a Coulter Channelizer C-1000 (Coulter Electronics), using a method previously described [8, 9] . The following settings were used: Coulter counter: aperture current=0.177; amplification= 1; lower threshold = 5; upper threshold = 85; Channelizer: base channel threshold= 5; window width = 100; upper limit of accumulation = 4,000.
The resulting platelet volume distribution curve was analysed using a computer (Hewlett-Packard, Model 9801A, Palo Alto, California, USA) and a plotter (Hewlett-Packard, Model 9862 A), volumes in fl being on the horizontal axis and relative volume frequencies on the vertical axis. The parameters measured were the meanplatelet volume and the megathrombocyte index. The latter was calculated according to Karpatkin [10] on the coordinate of the horizontal axis where the tenth percentile of the vertical axis transected the descending limb (right side) of the volume distribution curve. Mean platelet volume and megathrombocyte index were expressed in ft. The system was checked for electronic drift using a batch of glutaraldehyde-fixed human red cells [11] : no up-or downward trend was observed for the relevant mean volume throughout the period of study.
ADP-induced platelet aggregation was assessed as previously described by determining the minimum (threshold) concentration of this agent able to induce irreversible aggregation of citrated platelet-rich plasma [12] . ADP was used in final concentrations of 0.4, 1.2, 2.0 and 10.0 ~tmol/1. The occurrence of spontaneous aggregation was determined by stirring the platelet-rich plasma (250 ~tl at 1,100 rev/min) at 37 ~ for 10 min in a dual Channel Payton aggregometer (Payton Associates, Buffalo, New York, USA).
Platelet retention in glass bead columns was measured as previously described in non-anticoagulated native blood immediately after venepuncture [13] . Commercial kits (Adeplat T columns and Adeplat pump, Semmelweis, Milan, Italy) were used. Platelet counts were performed by the Coulter counter on specimens collected before (C100) and after (Cx) passage of blood through the glass beads. Retention was calculated according to the formula: C1oo-Cx x 100. el00 fl-thromboglobulin was measured in ng/ml by commercial kits (Radiochemical Centre, Amersham, Bucks, UK). Von Willebrand factor (vWF) was measured as previously described by ristocetin-induced agglutination of fixed washed platelets [14] . Factor VIII-related antigen (VIII-RAG) was measured by immunoelectrophoresis using Laurell's technique [15] . Both vWF and VIII-RAG are expressed as percentage activity compared with a standard plasma pooled from 20 healthy donors, defined as a 100% activity.
Statistical Analysis
Survival curves were expressed in days and as 95% confidence limits. The latter were calculated for the slope of the regression line (i.e. Normal ranges for the various tests employed were determined in groups of healthy subjects similar to the patients of this study by age and body weight. These are shown in Table I together with the relevant reproducibilities. ADP-induced aggregation had been determined in 24 controls: one of these (4%) aggregated with 0.4 ~mol/1, six (25%) with 1.2 lxmol/I, eight (33%) with 2.0 ~xmol/1 and nine (38%) with 10.0 lxmol/l. The same ADP threshold was reproducible on 80% of occasions in the same platelet-rich plasma. Spontaneous aggregation was rarely observed in control subjects.
Results
The patients as a group showed a lower ADP threshold for aggregation (p < 0.01) and increased plasma levels of vWF (132+9%; p<0.02) and VIII-RAG (132+10%; p < 0.02) when compared with normal values. Irreversible aggregation was induced by ADP (0.4 p.mol/1) in platelet-rich plasma from three patients (t9%), by ADP (1.2LtmO1/1) in 11patients (69%) and by ADP (2.0 ttmol/1) in two patients (12%). Six patients showed spontaneous aggregation, vWF and VIII-RAG were above the normal range in one patient only.
The average platelet survival was normal (9.4 days, 95% confidence limits = 9.1-9.7 days), being shortened in two patients only. All the disappearance curves were linear. Survival correlated inversely with total splenic radioactivity uptake (r= -0.95, p < 0.01) as well as with fixed splenic radioactivity (r=-0.94, p<0.01) at days5-6 (Fig. I) . Mean values of platelet volume (11.3+0.5fl), megathrombocyte index (21.9+1.0fl), platelet retention (30+3%) and fl-thromboglobulin (geometric mean=39 ng/ml; range: 23-62ng/ml) did not differ from the relevant normal ranges. In two patients the mean platelet volume and the megathrombocyte index were above the normal range; in one patient these parameters were lower. The mean platelet volume correlated with the megathrombocyte index (r=0.98, p < 0.001) and vWF correlated with VIII-RAG (r= 0.72, p<0.001). Apart from these, no relationships were found between any of the haemostatic parameters measured, nor between these and the clinical features of the patients. In individual patients results outside the normal range were not necessarily associated with other haemostatic abnormalities. One patient, who had abnormally low mean ptatelet volume and megathrombocyte index but no other abnormalities, developed an arterial embolus 1 year after the study, which led to amputation of his fight leg. Another patient, who had the shortest platelet survival as well as spontaneous aggregation in vitro, suffered from ankylosing spondilytis and from a recent retinal branch vein occlusion, but had only mild background retinopathy in the other eye.
Discussion
The determination of platelet kinetics by radioactive labelling represents the only possible approach to the study of platelet behaviour in life. tnIndium is considered the best available isotope for this purpose. It binds strongly to intracellular receptors with negligible elution [16] , has a half-life of 2.8 days, which is ideal for platelet studies, and labels cells very efficiently without loss of function [17, 18] . Furthermore, since it is a good gamma-emitter, it is possible to detect and quantitate the sequestration of platelets in the spleen and liver [7, 181. In spite of these properties, nlIndium has not been used in studies of platelet kinetics in diabetes. Using 51Cr and 7S(Se)-seleniomethionine, other authors have reported shortened platelet half-life and/or exponential disappearance curves (suggestive of random destruction superimposed on linear age-related disappearance) in some patients with and without vascular complications [19] [20] [21] [22] . In this study two subjects had shortened survival times but the mean of the 16 patients was normal. All the disappearance curves were linear; this discrepancy may therefore reflect the use of different radio-labels. In fact 5~Cr may disappear exponentially even from the circulation of normal subjects, possibly as a result of elution from the platelets [23] or failure to count only cell-bound, as opposed to total blood, activity. The strict correlation found between platelet survival and splenic radioactivity uptake provides further evidence that, in patients with diabetic microangiopathy, platelets are not randomly destroyed in the peripheral circulation but end their life in the spleen. Increased splenic sequestration, as observed in two subjects, may reflect removal of platelets altered as a result of interactions with the damaged vessel wall, or with immune complexes [24] .
It has been suggested that accelerated platelet turnover results in an increased rate of circulating giant elements or megathrombocytes [25] , but survival and vol-ume have never been measured in the same diabetic patients. Of 15 patients with retinopathy studied by Garg et al. [26] , seven had an elevated percentage ofmegathrombocytes when assessed by manual counts, but only two were elevated using the Coulter counter. Previous work from this laboratory showed increased mean platelet volume and megathrombocyte index in patients with retinopathy but also demonstrated considerable overlap between the 30 normal and 87 diabetic subjects [9] . In the present study, the volume of platelets was increased in only two of 16 patients and did not correlate with platelet survival. In another report of platelet volume in diabetes, Colwell et al. [27] , using a manual method, reported an increased percentage of megathrombocytes in 22 of 44 patients with frank diabetes. The increase in size was associated with in vitro hyperaggregation in response to ADP. Platelet hypersensitivity to ADP was found in the patients of this study, but neither a low ADP threshold (0.4 Ixmol/1) nor spontaneous aggregation were associated with increased platelet volume or shortened survival. Enhanced platelet aggregation in vitro has been described by several workers [28] [29] [30] , but not by others [31, 32] . In an earlier report, we were unable to detect hyperaggregation in 30pat-ients with retinopathy [12] . The same methodology was used as in the present survey, suggesting that discrepancies in these studies may depend on the choice of patients, particularly when small populations are investigated.
The measurement of platelet retention in glass bead columns is a crude test which has yielded conflicting results when applied to diabetic patients [28, 33, 34] . A number of technical details may influence the outcome [35] and the results of most studies cannot be directly compared. Barrantes et al. [36] , using the same commercial system as in this work, showed increased retention in a group of 44 diabetic subjects, while none of our patients demonstrated abnormalities of this parameter; this discrepancy may be due to the lower normal range observed by Barrantes.
/~-thromboglobulin, a platelet-specific protein released during aggregation, is considered a sensitive indicator of platelet activation in vivo [37] . Previous studies of diabetic groups have unanimously reported increased mean plasma levels of this protein, as measured by the Amersham kit [38] [39] [40] . However, considerable overlap between control and diabetic populations has been reported by all these authors. Our normal range of /3-thromboglobulin is similar to that reported by others [39] and not symmetrically distributed. The geometric mean of the diabetic population was higher than normal (Table 1) but, due to the high levels measured in some controls, the difference was not statistically significant. It is to be noted that hyperaggregation in vitro was not accompanied by high levels of fl-thromboglobulin.
The patients in this study had increased plasma levels of vWF/VIII-RAG, in accordance with all the reports in the literature [29, 41, 42] . We have previously shown that increased vWF/VIII-RAG levels are associated with breakdown of the blood-retinal barrier and may be an indicator of widespread endothelial damage in diabetes [43] , but the possible relevance of these raised levels to platelet function has not been established. In the absence of this factor platelets do not adhere to vascular subendothelium [44] or to glass surfaces [45] . Our patients had high vWF/VIII-RAG levels but normal platelet retention in glass bead columns, while their only other abnormality was hyperaggregation in vitro. We have shown previously that, both in normal and diabetic subjects, unidentified anti-adhesive mechanism(s) may counteract the pro-adhesive activity of vWF and that spontaneous and ADP-induced platelet aggregation are not influenced by an acute increase in plasma vWF/VIII-RAG [13, 46] . Therefore, in this study, hyperaggregation and high vWF/VIII-RAG were probably two independent abnormalities.
There was no association between the clinical features of the patients and the results of any haemostatic test. One patient developed a severe thromboembolic episode one year after this study, but the only abnormality detected was decreased platelet volume. Another diabetic patient, who suffered from ankylosing spondylitis and retinal branch vein occlusion, had shortened platelet survival and spontaneous aggregation in vitro. Although it cannot be established if any of these disease states contributed to his platelet abnormalities, it is noteworthy that this patient had the mildest retinopathy of the whole group.
In conclusion, this study shows that, in patients with diabetic microangiopathy, hyperaggregation in vitro and high levels of vWF/VIII-RAG are not accompanied by any evidence of shortened platelet survival or hyperactivity in vivo. Primary haemostasis is certainly altered in some of these patients but currently available tests do not agree with each other in indicating the presence of abnormalities. These procedures are of limited clinical value and are not sufficiently specific to clarify the nature of these changes or their pathogenetic significance. It should be stressed that, to date, no rationale exists for the use of anti-aggregating drugs in diabetic microangiopathy and this medication should be withheld, at least until the results of double-blind placebocontrolled studies now in progress [47, 48] become available.
